Poorly crystalline, apatitic calcium phosphate powders have been synthesized by slowly adding a Na-and K-containing reference phosphate solution with a pH value of 7.4 to an aqueous calcium nitrate solution at 37
Introduction
Synthetic bone substitutes, which will be successfully used as implant materials in orthopedic surgery, are mainly required to be as similar as possible to the mineralized part of the host bones in terms of chemical composition, structure and crystallinity. Synthetic, crystalline and stoichiometric hydroxyapatite (HA: Ca 10 (PO 4 ) 6 (OH) 2 ) with a Ca/P molar ratio in the vicinity of 1.67, and highly crystalline beta-tricalcium phosphate (TCP: Ca 3 (PO 4 ) 2 ) are commonly [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] conceived or used implant materials which are nevertheless not perfectly similar to the host bones. While the former of these bioceramics does not have a significant in vivo resorbability to take part in the remodeling of the natural bone unless the ceramic is porous enough, the latter simply undergoes quite a rapid (passive) dissolution at the low pH value (i.e., 4.2 to 4.3) of the osteoclastic environment [11] .
Natural bones are long known to be poorly crystallized materials [12] with quite a complex chemistry, and "the in vivo hard tissue mineralization proceeds through the initial deposition of an amorphous (noncrystalline) calcium phosphate solid phase, followed by the subsequent transformation of the major part of this solid * Author to whom all correspondence should be addressed. † Formerly, Visiting Professor at Max-Planck-Institut fuer Metallforschung, Stuttgart, Germany.
phase into nanocrystals of apatite [13] ." Moreover, such biomineralization of calcium phosphates takes place "within a matrix of collagen fibrils, gylcoproteins (proteins with sugar side chains) and many other types of proteins [14] ."
Since the synthetic bone substitute implant (either as a putty, paste, block or granule) would be placed by the surgeon in immediate contact with the surface of the natural bone (which will grow, resorb or remodel itself in response to the implant), the ideal implant itself must be able to fully participate in these processes. The key to this participation lies in the chemical and physical similarity between the two.
In the course of developing simpler and robust manufacturing processes for the wet-chemical synthesis of nanosize, poorly crystalline calcium-deficient hydroxyapatite (with a nominal formula of Ca 9 (HPO 4 )(PO 4 ) 5 OH) bioceramics, we have found that the use of a simple Na-K-phosphate reference solution, as the synthesis medium, may simultaneously serve three purposes; namely, (1) to provide a neutral pH medium during synthesis, (2) [16] of the two), mainly depending on the Ca/P molar ratio adjustment (from 1.8 to 1.5, respectively) in the synthesis reactors. In this study, we report the use of a simple Na-K-phosphate solution in preparing Na-and K-doped, carbonated apatitic calcium phosphates in different forms, including apatitic powders, self-setting cements and coating layers on natural marble.
2. Experimental procedure 2.1. Na-K-phosphate solution preparation Phosphate solutions with a pH value of 7.45 (at 21
• C) can be easily prepared [17] , for instance, by dissolving 0.008695 mol/kg of potassium di-hydrogen phosphate, KH 2 PO 4 (>99% pure, Merck KGaA, Darmstadt, Germany) and 0.03043 mol/kg di-sodium hydrogen phosphate Na 2 HPO 4 (>99% pure, Merck) in distilled water. For a typical Na-K-phosphate solution preparation, 0.59 g of KH 2 PO 4 and 2.152 g of Na 2 HPO 4 salts were weighed and then dissolved, respectively, in 500 mL of distilled water. This brings the proportional molar ratios of K, Na and P in half a liter of the solution to 0.0043:0.0303:0.0195 [17] . Ca(NO 3 ) 2 · 4H 2 O (>99% pure, Merck) aqueous stock solutions (0.80 M) were used as the Ca-source during all the powder preparation runs.
Apatitic powder synthesis
For the synthesis of poorly-crystalline apatitic powders, a 43.75 mL aliquot of the Ca-nitrate stock solution (i.e., 0.035 mol Ca 2+ ) was placed into a clean glass beaker of 2 L-capacity, together with 750 mL of distilled water. The solution (pH = 5.6 to 5.7 at 37
• C) was vigorously stirred for 5 min at 37
• C, while the beaker was kept in a thermostated ethylene glycol (>99% pure, Merck) bath. The pH value of this solution was raised to around 9.7 ± 0.1 (at 37
• C) by adding 2 mL of concentrated NH 4 OH (>98%pure, Merck). 500 mL of the abovementioned phosphate solution (at 37 ± 0.5
• C) was then slowly fed (at the rate of 5 mL/min) into the continuously stirred and pH-monitored Ca-nitrate beaker, by using a liquid pump. The overall Ca/P molar ratio in the reaction beaker had been intentionally adjusted to around 1.795 in the above example of synthesizing apatitic powders. Following the completion of phosphate solution addition into the Ca-nitrate solution, the resultant opaque solution was stirred with a magnetic fish at 37 ± 0.5
• C for 6 h, and then left overnight (14 h) at 21 ± 1
• C without stirring. pH value was observed to remain constant at around 7.1 even at the end of this period of aging at room temperature.
Precipitates were recovered from the mother solution(s) by filtration and washed three times with deionized water of a volume of 4 liters. Powders were dried overnight at 90
• C in a stagnant air oven. Dried powders were first lightly ground by hand using an agate mortar/pestle, and finally calcined (to monitor their sintering behavior) isothermally in a stagnant air atmosphere box furnace, in Pt crucibles as loose powders, over the temperature range of 300
• to 1000 • C. Each calcination batch of powders was heated to the specified temperature at the rate of 5
• C/min, annealed at this temperature for 90 min, and then cooled to room temperature in the shut-off furnace.
Cement testing
Self-setting/hardening cement behaviour of precipitated apatite powders were tested by using a special starter solution. The starter solution (of a pH value of 11.5) was prepared [18] , prior to its use, by dissolving 2.00 g of C 6 H 5 Na 3 O 7 · 2H 2 O (>99%, Merck) and 2.00 g of Na 3 PO 4 · 12H 2 O (>99%, Merck), respectively, in 90 mL of deionized water at room temperature. A 1.00 g portion of the apatitic powders was mixed in an agate mortar for about 1 minute with an agate pestle together with 0.5 mL of the starter solution, followed by placing (by a gloved-hand) the formed paste into a stainless steel mold of 1 cm deep with a diameter of 0.65 cm diameter. Cylindrical cement samples were thus formed and they were stored under ambient conditions for 1 h prior to testing. Cements were loaded under compression until failure (Instron 5544) at a crosshead speed of 1 mm/min, with a 1.5 kN load cell, to determine compressive strength.
Conversion of CaCO 3 (Calcite) into
calcium-deficient apatite in phosphate solutions Calcite (>99%, Merck) powders (2.4 g), as well as white, translucent natural calcite marble (Stuttgart, Germany) cubes (1 × 1 × 1 cm, each weighing about 2.45 ± 0.05 g) were separately placed in 50 mL of the above-mentioned phosphate solutions contained in 100 mL-capacity, tightly sealed glass bottles. Calcite powder and calcite marble samples were checked by XRD to strictly confirm the rhombohedral CaCO 3 (ICDD PDF 83-1762 or 83-0577 [19] ) pattern, prior to their use in these experiments. Bottles were kept in a constant temperature oven at temperatures of 37
• , 60
• and 90
• C for 72 h. Following aging at different temperatures for 3 days, the samples were washed with deionized water and dried at 90
• C for 48 h.
Sample characterization
The phase constitution of the samples was analyzed, as a function of temperature (on isothermally calcined samples), by using a powder X-ray diffractometer (D-5000, Siemens GmbH, Karlsruhe, Germany) with monochromated CuK α1 radiation (40 kV, 30 mA). XRD data on marble cubes soaked in Na-K-phosphate solution of pH 7.4 were gathered by properly mounting those small cubes in the sample holder of X-ray diffractometer. Pyrolysis of accuratelyweighed 150 mg portions of ground samples were monitored by simultaneous differential thermal and thermogravimetric analysis (STA501, Baehr GmbH, Bremen, Germany) in an air atmosphere at the heating rate of 5
• C/min. Al 2 O 3 was used as the reference material in all the TG/DTA runs. FT-IR analyses of the samples were performed (IFS 66, Bruker GmbH, Karlsruhe, Germany) after mixing them (1 wt%) with dry KBr to form the pellets used in these analyses. ICP-AES analyses were performed to obtain the quantitative elemental (Ca, P, Na and K) information (JY-70Plus, Jobin Yvon S.A., Longjumeau, France) on the precipitated powder samples, after they were dissolved in acid solutions. Morphological features of samples were studied by scanning electron microscopy (DSM 982-Gemini, Zeiss GmbH, Oberkochen, Germany), without coating the samples. Fig. 1(a) and (b) show, respectively, the XRD diagram and the SEM morphology of the poorly-crystalline apatitic powders obtained after the slow addition of phosphate solution to Ca-nitrate solution at 37
Results and discussion

Apatitic powders
• C, as described above. Powder consisted of heavily agglomerated, but nanosize particles.
These powders, which possess a Ca/P molar ratio of 1.64 ± 0.02, a Na content of 0.24 ± 0.04, and K of 0.11 ± 0.03 wt% (as determined by ICP-AES analysis), were also found to exhibit self-hardening cement properties when 1.0 g of those were mixed with an agate pestle for about 1 minute in an agate mortar together with 0.5 mL of the Na-citrate + Na-phosphate starter solution, at the liquid-to-powder ratio of 0.5. The cylindrical cement specimens (manually consolidated in a steel die) were measured to have a compressive strength of 15 ± 3 MPa. This value is about one third of the compressive strengths of the commercially available α-Ca 3 (PO 4 ) 2 or Ca 4 (PO 4 ) 2 O-containing calcium phosphate cements, such as Calcibon R or Norian SRS R , respectively.
The XRD chart ( Fig. 2(a) ) of the cement body (after crushing it into a fine powder in an agate mortar) showed that the final product is still a poorly-crystalline, carbonated apatitic material, which is similar to the mineralized portion of natural bones. SEM micrographs of the self-set cylinders formed in the steel mold revealed the presence of platelets of calcium-deficient hydroxyapatite (CDHA), which are quite typical of apatitic calcium phosphate cements, Fig. 2(b) . The rapid (within the first 10 minutes following the addition of the starter solution) formation of these interlocked platelets of CDHA gives the porous cement body its mechanical strength and stability [20] [21] [22] .
FT-IR spectra of these hardened cement samples showed (Fig. 2(c) ) that these were actually carbonatedapatite samples. Characteristic carbonate (CO 2− 3 ) bands are labeled in Fig. 2(c) , and the band at around 3571 cm −1 indicated that the hydroxyl ions are also present in those CDHA platelets, which form the cement samples. All the other bands in Fig. 2(c) were typical of the apatitic calcium phosphates [23] .
It has been quite a versatile route to isothermally heat the precipitated calcium phosphate powders over a specified temperature interval, and then monitor the phase evolution and crystallization/calcination behavior of those samples via XRD, FTIR and TG/DTA analysis, to determine the exact nature of the precursors. To this purpose, Fig. 3(a) depicts the XRD traces, as a function of increasing isothermal heat temperature, for apatitic precursor powders mentioned in Fig. 1 , while the FT-IR and TG/DTA data are given in Fig. 3(b) and (c), respectively.
Apatitic precursors were found to be still poor in crystallinity even after heating at 500
• C in air for 90 min. However, upon heating at 850
• C, the hydroxyapatite phase crystallized. Samples heated at 1000
• C did not decompose into β-TCP (β-Ca 3 (PO 4 ) 2 ). XRD traces did also not show any CaO as an impurity phase, and if CaO was present its strongest peak (ICDD PDF 48-1467 for CaO) would have been found at around 37.4
• 2θ. On the other hand, the presence or absence of rhombohedral CaCO 3 (Calcite, ICDD PDF 5-586) cannot easily be detected from XRD data since its strongest peaks do overlap with the 210 and 212 reflections of hydroxyapatite [24] . Orthorhombic Aragonite, the high-pressure form of CaCO 3 (ICDD PDF 41-1475), was not present in the samples, since in that case its strongest peak would be located at 26.2
• 2θ. Lattice parameters of the hexagonal (space group P6 3 /m) hydroxyapatite powders calcined at 1000
• C were found to be a = 9.401, c = 6.869Å. These experimental parameters, when compared with those of pure HA (a = 9.424, c = 6.876Å [25] ), pointed to a shrinkage in the unit cell volume, which is expected in the case of Na-substitutions at Ca-sites.
FT-IR traces of the apatitic precursors as a function of increasing calcination temperature are given in Fig. 3(b) below. At all temperatures, the data of Fig. 3(b) • to 700
• C. The source of carbonate ions in the precursor powders was just the CO 2 dissolved (from the air) in the distilled water, which was used during the synthesis runs. It is known that carbonate ions present in precipitated apatitic calcium phosphate powders volatilize upon heating at T ≥ 700
• C [26] . Adsorption and desorption of water (hydration and dehydration) can be easily monitored by IR, since adsorbed H 2 O gives rise to a typical deformation band [27] around 1640 cm −1 , and this was also observed in the data of Fig. 3(b) for the precipitated powders calcined over the temperature range of 90
• to 500
• C. However, the IR spectra given in Fig. 3 (b) do coincide well with the hydoxyapatite spectra given in literature [28] [29] [30] [31] [32] . The observation of two close but separate IR bands (with increasing temperature) over the range of 3560 to 3650 cm −1 would require further attention, and it is known [33] that, for instance, the IR spectra of Ca(OH) 2 would display a strong and sharp O H stretching peak at 3640 cm −1 . The presence of two distinct bands over this range may suggest the possibility of a slight Ca-excess (i.e., over the Ca/P = 1.67 stoichiometry of apatite), although such an excess could not be confirmed by our ICP analyses.
TG/DTA analysis performed on the apatitic precursors revealed, as shown in Fig. 3(c) , less than 5 wt% weight loss upon heating them from room temperature to 1000
• C. The initial weight loss of around 1.5% coincided well with the endothermic event seen (90 to 120
• C) in the DTA trace, and this corresponded to the removal of water from the precursors.
SEM photomicrographs given in Fig. 4 display the rapid densification/sintering behavior of the apatitic precursors after heating those at the indicated temperatures for 90 min as loose powder bodies placed in flat crucibles. Nanosize calcium phosphate particles started to form necks with one another at around 850
• C, and when they were heated to 1000
• C, bonding were observed to form among the individual particles. In case of compacting these powders prior to their heating, it should be obvious that these powders would have sintered well even below 1000
• C. For the preparation of low-mechanical strength, but porous apatitic bioceramics in the shape of granules (for using them in nonload bearing, trabecular bone applications), it would just be enough to slightly (using a packing pressure <2-3 MPa) force these powders into any desired bulk shape and then calcine them, e.g., at 900
• C for just a short 90 min.
The powder synthesis procedure reported here may be regarded as a simple and robust alternative to more tedious wet-chemical methods described previously. Peters and Epple [34] , for instance, reported the use of Ca-nitrate and KH 2 PO 4 solutions for the controlled synthesis/crystallization of apatitic powders, but the procedure described there was not able to produce powders in large quantities. Moreover, the use of Soerensen's buffer (5.26 g KH 2 PO 4 + 8.65 g Na 2 HPO 4 + 1000 mL H 2 O) or 0.5 M phosphate buffer (39.749 g Na 2 HPO 4 + 14.397 g NaH 2 PO 4 + 800 mL H 2 O) may further increase the yield of the synthesis procedure described here in this report, which will be tested in our following studies for its influence on the powder morphology and chemistry.
Conversion of CaCO 3 into CDHA
in Na-K-phosphate solutions CaCO 3 powders and translucent, calcitic marble cubes soaked in the Na-K-phosphate solutions at 37
• C for 3 days did not form any calcium phosphate phases on their surfaces, as deduced from the XRD and SEM investigations of those. However, calcite samples (both powders and marble cubes) soaked in the same solutions for 3 days at 60
• C extensively formed calcium-deficient-hdyroxyapatite platelets on their surfaces. XRD data given in Fig. 5 showed that calcite powders (ICDD PDF 5-586) even lost a significant portion of their crystallinity after soaking at 60
• C, and partially converted into CDHA. Marble cubes, which had the same XRD pattern with the CaCO 3 powders, also exhibited a similar behavior. Percentage of CDHA formed in samples soaked in phosphate solutions at 90
• C was higher in comparison to those of 60
• C. The SEM micrographs of Fig. 6 showed, at two different magnifications, first the pristine surfaces of marble cubes (in a and c), and then the apatitic surfaces of those cubes following 3 days of soaking (at 60
• C) in the Na-K-phosphate solution of this study. Surface coverage with such characteristic, epitaxially grown CDHA platelets (i.e., the bone mineral) were not just accidental or occasional, and these platelets with a Ca/P ratio of around 1.50 ± 0.03 (as determined by EDXS studies) were seamlessly and perfectly covering all the available marble surfaces. Samples soaked at 90
• C had the same morphology and surface coverage. Since this phenomenon is a temperature-activated, time-dependent process, "37
• C-3 days" treatment was simply not enough to display the CaCO 3 to CDHA conversion.
Hydrothermal conversion [35] of the natural forms (such as coral or nacre) of aragonite samples to hydroxyapatite has previously been studied over the temperature range of 140 to 260
• C, either in aqueous (NH 4 ) 2 HPO 4 solutions [36] or in acidic phosphate solutions [37] . Both of these recent studies were not able to produce the characteristic apatitic morphology of interlocking platelets we have reported in Fig. 6 . The significant difference in the crystal structures of aragonite (orthorhombic) and calcite (rhombohedral) may have rather a strong role in this, as well as the nature of the phosphate solutions used for achieving this conversion.
Fujita et al. [38] studied the bone bonding behavior of calcite to natural bone in an 8 weeks-long rabbit study, and reported that although there was direct bonding between bone and calcite, they were not able to detect the presence of a surface apatite layer to be formed on the implanted, ex vivo calcite samples. Fujita et al. [38] then concluded that calcite was a biodegradable material that bonded to bone without forming a surface apatite layer. Salingar et al. [39] found that a range of calcium phosphates formed, in vitro, in a timedependent process, when calcite interacted with a dilute carbonated orthophosphate solution. They reported the initial and relatively rapid formation of either an amorphous calcium phosphate phase or crystalline CaHPO 4 layer on the calcite surfaces, and its gradual and eventual conversion into hydroxyapatite.
Carbonate sites of the single-phase calcite samples of the present study are believed to be emptied first (via CO 2 + H 2 O = HCO − 3 + H + ) in conjunction with the supply of HCO − 3 ions into the phosphate solution, at temperatures greater than 37
• C, within the period of soaking times studied here. PO 3− 4 ions available on the solution side then adsorb themselves at these sites, and start nucleating the carbonated calcium-deficient hydroxyapatite platelets. The in vitro osteogenesis reaction, which starts at the surface then proceeds toward the bulk of the sample with the epitaxial growth of the apatitic platelets. Ohgushi et al. [40] showed that the in vivo bone forming response of CaCO 3 was comparable to that of the well-known biactive hydroxyapatite. The presence of the enzyme, carbonic anhydrase (CA), in osteoclasts is known [41] to catalyze the above reaction for bicarbonate production. We believe that calcite samples which were first soaked in the Na-K-phosphate solutions of this study, for instance, at 75
• C for 3 days, would display an improved in vivo bone bonding ability, while possessing an extremely improved mechanical strength.
Conclusions
Nanosize calcium phosphate powders with a Ca/P molar ratio around 1.64 ( ± 0.02) have been synthesized by a robust technique. A Na-K-phosphate solution of pH of 7.4, which is also used as a primary standard reference solution in pH mesaurements, was used as the phosphor source during the synthesis runs. Poorly crystalline apatitic powders obtained were actually found to be selfhardening calcium phosphate cements. Nanosize powders of this study, which contained small amounts of Na and K originating from the solution used during syntheses, were observed to rapidly densify even when calcined at around 850
• C as a loose powder compact. The same Na-K-containing phosphate solution used in powder synthesis runs was shown to be quite effective in partially converting calcite, CaCO 3 (either as powders or marble pieces), into calcium-deficient hydroxyapatite, upon immersion of the samples into that solution in sealed glass bottles kept at ≥60
• C for 3 days. Finding ways of easier conversion of natural marble into a strong bioactive material is promising.
